Abstract. Using mathematical equations that describe the 0 2 mass-transfer and the enzymatic oxidation of the organic substrates of apples (Malus domestica Borkh.), we developed a kinetic model to correlate fruit respiration rate with environmental oxygen partial pressure (PO 2 . The kinetic determinations were carried out at room temperature using apples stored at 3 to 4C for 11 to 19 weeks. Results show that: 1) the calculated value of the Michaelis-Menten constant related to the enzymatic oxidation of the respiratory substrate (K m = 2.1 ± 0.5.10 -5 mol·kg -1 ) is close to that reported in the literature for cytochrome-c oxidase; 2) the located range of PO 2 levels where 0 2 becomes the limiting factor in the respiration process (near 2.6 kPa at T = 20.5 ± lC) is close to those usually used on a commercial scale for controlled atmosphere storage.
Although much technical information has been published on the storage of fresh fruits (Biale and Young, 1981; Burton, 1978; Isenberg, 1979; Smock, 1979; Tucker and Laties, 1985) , a kinetic model describing the main biochemical changes occurring in the stored fruit as a result of its respiration activity is not available.
From a kinetic point of view, respiration can be simplified into three steps: 1) O 2 mass-transfer between the environmental atmosphere and the cellular solution of the fruits; 2) O 2 use and CO 2 production inside the cells; and 3) the consequent masstransfer of C0 2 from the cellular solution to reach the environmental atmosphere.
The O 2 and CO 2 mass-transfers between the apple and its storage environment have been investigated; the results obtained and the experimental method and hypothesized equations used have been reported (Andrich et al., 1987 (Andrich et al., , 1988 (Andrich et al., , 1989a (Andrich et al., , 1989b (Andrich et al., , 1990 Fiorentini et al., 1986) . To describe the mass transfer rate of the two gases involved in respiration, the following equation related to the mass-transfer between two heterogeneous phases (gas-and apple) was adopted (Danckwerts, 1970; Sinclair, 1987): where: [O 2 ] = concentration of oxygen present inside 1 kg of apples at a random time t = t (mol·kg -l ); k_ i = kinetic constant related to the apple-phase (kg·m -2-h -l ); A = surface area related to 1 kg of the considered apples (m 2 ·kg -l ); [O 2 ] eq = concentration of O 2 inside the apples that would be in equilibrium with the partial pressure (PO 2 ) of O 2 present at a random time t = tin the environmental atmosphere (mol·kg -l ); H = Henry's constant related to the saturation equilibrium = [O 2 ] eq / PO 2 (mol·kg -l ·Pa -l ). If the analyzed system has reached the steady state so that the respiration rate equals the rate of mass transfer, Eq. [1] allows us to calculate the amount of O 2 present inside the apple ([O 2 ] ). This quantity is closely related to the second step of the hypothesized kinetic model, which concerns the cellular oxidation of the respiration substrates.
If the respiration rate is directly related to the amount of O 2 dissolved in the cellular solution, the Michaelis-Menten equation can be applied and the suitability of the values of the inReceived for publication 7 Mar. 1990 . Research supported by National Research Council of Italy, Special Project RAISA, Subproject no. 4, Paper no. 9. The cost of publishing this paper was defrayed in part by the payment of page charges. Under postal regulations, this paper therefore must be hereby marked advertisement solely to indicate this fact.
volved constants (Km = Michaelis's constant and k res = kinetic constant) can also be verified.
Materials and Methods
The experimental runs were carried out using 'Golden Delicious' apples, carefully followed during their ripening and harvested at color change (22 weeks from flowering). Only healthy looking apples were collected and stored at 3 to 4C, 85% RH, for 11 to 19 weeks. Beginning the 1lth week of storage, a sample of 13 to 15 healthy apples was taken each week and used for an experimental run carried out at room temperature (20.5 ± 1.OC).
The handling of the fruits and the method used to determine the surface area of the apples have been reported (Andrich et al., 1989a; Fiorentini et al., 1986) . The system used to follow the O 2 respired and the CO 2 produced is illustrated in Fig. 1 . PO 2 in the system was verified by gas chromatography.
The C0 2 produced was collected as BaCO 3 by continuously washing the gas in the apparatus with an aqueous solution of Ba(OH) 2 . The BaCO 3 precipitated was removed by filtration and the residual concentration of OH -was evaluated by titration. To maintain a constant gas composition inside the reactor CO 2 was continuously and automatically replenished by pure O 2 , thus allowing the respiration rate of the apples to be calculated. The difference between the CO 2 produced and the O 2 consumed gave a measure of the eventual fermentation activity, a process not detectable at high O 2 concentrations (PO 2 > 5 kPa).
The amounts of glucose, fructose, sucrose, glucitol, and malic acid in the fruit were determined using commercial enzyme kits. The experimental points reflect a random run.
Results
By the linear regression of the experimental data for O 2 consumption, measured at constant PO 2 and at PCO 2 ≈ 0, as a function of the related run time, it was possible to draw a straight line through the origin of the axes and to obtain a high correlation coefficient (Fig. 2) . The slope of this line represents the respiration rate (V res ) of the apples under our experimental conditions. The values for V res , determined as a function of the various PO 2 and of the storage time used for the apples are reported in Table 1 . The confidence intervals (95%) are a function of the variance connected with the related linear regression (see note to Table 1) .
At similar PO 2 levels, results were similar for samples stored for various periods. Under these experimental conditions, therefore, storage time did not seem to significantly influence the respiration rate, as already reported by Knee (1971) .
When an apple-environment system reaches the steady state, V res = V mt and, knowing the values for the respiration rate ( , the cellular solution is assumed to be a 0.4 M sucrose solution:
Therefore, the K 1 value has been calculated using data on the equilibrium between the O 2 present in the gas phase and that dissolved in a 0.4 M sucrose solution As, under our experimental conditions, the concentrations of the main apple constituents (glucose, fructose, sucrose, glucitol, and malic acid) did not seem to vary with storage time (Table  2) sufficiently to change the total amount of respiratory substrate (assumed to be the molar sum of all the respirable compounds present inside 1 kg of fruit) nor to affect the respiration rate, the-following equation could be adopted (Michaelis-Menten):
where: k res = product of the kinetic constant and the enzymatic concentration corresponding to the maximum respiration rate (mol·kg -1 ·h -1 ); K m = Michaelis-Menten constant (mol·kg -1 ).
To determine k res and K m , the inverse of the respiration rates reported in Table 1 mol·kg -1 ) is of the same order of magnitude as that reported by for cytochrome-c oxidase (0.35·10 -5 mol· kg -1 ) and underlines the existence of a great affinity between oxygen and the cellular solution, justifying the low PO 2 used in controlled atmosphere storage.
To detect the range of PO 2 where O 2 becomes the rate-determining factor, the asymptotic value of the respiration rate (k res = maximum rate = 0.75 ± 0.06·10 (Fig. 4,  line B ). This range, evaluated at room temperature, is reasonably close to those usually used on a commercial scale in controlled atmosphere storage. When particularly low PO 2 values are employed (PO 2 < 3.5 kPa), the respiration rate greatly differs from the maximum (k res ) and the more realistic shape of curve A on Fig. 4 Table 3 ).
The amount of O 2 dissolved in the cellular solution being known, it is possible to calculate the other variables involved in the adopted kinetic model using the equations given in Table 3 . Figure 5 depicts the theoretical development of V res together with those of the different bases of O 2 involved in the hypothesized respiratory model.
Because of its restricted applicability, this model represents only a preliminary and basic study in a wider research program concerning fruit storage in cold and controlled atmospheres, its aim being to correlate the main quality changes of a fruit with time and storage conditions.
